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Abstract 
An understanding of the aqueous durability of glass is essential for determining the dissolution and release of 
radionuclides from vitrified nuclear waste in a geological disposal facility over short and long timescales. There are 
many factors that determine the rate of glass dissolution in aqueous solution, and environmental factors such as 
temperature and pH will be significant. However, in terms of glass properties, the composition has the biggest 
influence on aqueous durability. 
The majority of High Level Waste (HLW) worldwide has been immobilised using borosilicate glass, although 
within this family there are significant compositional variations between different countries depending on the 
composition of the waste being vitrified. For example, the French R7T7 HLW glass contains calcium, while the 
Magnox waste glass produced in the UK contains significant quantities of magnesium, which results in different 
dissolution behavior. 
This paper summarizes the main compositional variations in UK vitrified HLW and identifies the key similarities 
and differences in composition that affect short- and long-term glass durability in aqueous solution. The effect of a 
number of key elements is discussed along with the current state of the art understanding of how they impact on the 
glass dissolution mechanisms. 
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1. Introduction  
Nuclear waste glass dissolution in closed aqueous systems is governed by a number of coupled mechanisms and 
follows the three-stage scheme shown in Figure 1, see Gin et al (2013). After a relatively rapid ‘initial’ dissolution 
rate r0 (Stage I), there is a rate drop until a ‘residual’ rate rr (Stage II) is reached, which can be several orders of 
magnitude lower. Different mechanisms dominate at different times with water diffusion and ion-exchange at very 
short times, giving way to hydrolysis of silica network bonds, which controls the initial dissolution rate. The rate 
drop is a transition between the initial and residual rates caused by the progressive saturation of the solution with 
respect to silica and the formation of various surface layers. The residual rate then appears to be controlled by 
several mechanisms, i.e. the slow formation of secondary alteration products, changes in local solution 
concentration, water diffusion into the glass, or transport limitations in a passivating layer. Finally, under certain 
conditions such as high temperature and/or pH, a phenomenon known as ‘resumption’ can occur where the 
dissolution rate increases again to values up to the initial rate (Stage III). 
 
 
Figure 1: General scheme of HLW glass dissolution in static aqueous conditions taken from Gin et al (2013) 
All of these stages, including the time taken to reach the final rate and whether resumption is observed, will have 
a significant dependence on the glass composition as well as the conditions (pH, temperature, etc.). Hence, 
understanding the effect of glass composition on the durability is key to understanding the mechanisms of glass 
dissolution in a repository environment. This paper discusses some of the compositional effects of UK HLW glasses 
on durability, focusing on the initial and rate drop regimes. 
HLW glass contains >30 different elements, including the base glass components (Si, B, Li, Na, Ca, Zn, Al, etc.), 
fission products and actinides (Cs, Sr, Tc, La, Nd, Pr, Mo, Zr, Np, etc.), corrosion products (Fe, Cr, Ni), residual 
cladding material (Mg, Al, Fe, Zr), and process additives (Gd). Deconvoluting the effect of all these different 
elements is extremely complex and, hence, simplified glasses are generally used for studying compositional effects, 
see Gin et al (2012) and Gin et al (2013). 
Despite the complexity, some empirical observations can be made about the effect of different species on glass 
durability. For example, increasing the concentration of glass network formers at the expense of network modifiers 
will, in general, improve corrosion resistance, and vice-versa. Hence, increasing the alkali metal (Li, Na, K, etc.) 
content decreases durability, whereas higher Si and Zr yield more durable glasses. This effect may be directly 
related to the glass structure by the modifier ions being compensated by and relatively weakly bound to nearby non-
bridging oxygen atoms (NBOs). Corrosion by aqueous solution can then proceed via the initial exchange of 
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‘protons’ from the water into the glassy network replacing alkali metals. The resulting hydroxyl ions in solution can 
then disrupt the main glass network bonds. 
The behavior of Al and B is more complex and depends on their relative concentration to other species. However, 
in multi-component nuclear waste glasses, the presence of Al is generally beneficial to durability, whereas 
increasing B (at the expense of Si) is detrimental. Too much Al, however, can cause resumption of alteration due to 
the formation of zeolite secondary phases. The alkaline earths and other divalent species can show ambiguous 
behavior; they can have a similar effect to the alkali metals, and this is certainly the case for magnesium which 
appears to favor higher residual rates and resumption of alteration, see Curti et al (2006), Frugier et al (2005) and 
Thien et al (2012). However, calcium and zinc generally have a beneficial effect on the residual rate; see Gin et al 
(2012) and Gin et al (2013) respectively. 
2. Compositional Variation of UK HLW Glass 
In the UK, two compositionally different types of highly active liquor (HAL) waste streams result from the 
reprocessing of spent Magnox and Oxide nuclear fuel respectively. The Magnox HAL contains high magnesium and 
aluminium from residual cladding material and relatively low fission product content. The Oxide HAL (which arises 
from spent AGR, PWR and BWR fuel), has no Mg and Al, but is higher burn-up than Magnox and so contains 
higher quantities of fission products and less inactive species. In addition, during oxide fuel reprocessing gadolinium 
is added as a neutron poison, and is therefore also present in the HAL. 
From these two separate HAL feeds, the Waste Vitrification Plant (WVP) fabricates two main products, i.e. 
x ‘Magnox’ glass from feeds containing >90% Magnox HAL, and 
x ‘Blend’ glass from feeds containing typically a mix of 75% Oxide and 25% Magnox (75o:25m) HAL. 
The waste incorporation for both Magnox and Blend glasses has historically been targeted at 25 wt% on an oxide 
basis. However, recent vitrification campaigns have increased this to 32 wt% and 28 wt% respectively. In addition 
to the compositional variations arising from the different types of HAL feed and waste incorporation, other 
differences occur as a result of different burn-up and cooling times of the spent fuel as well as the way it was 
reprocessed.  
In addition, there can be significant variations in the final lithium content of the product glass due to the strategy 
of dosing the HAL with LiNO3 prior to feeding it to WVP. The presence of lithium in the calciner suppresses the 
formation of refractory oxides leading to more reactive calcine. Hence, the UK base glass ‘MW-½Li’ composition 
has half the required lithium removed, with the difference being made up by the portion fed with the HAL. 
However, variations in the amount of Li dosing has led to deviations from the targeted 1:1 Li:Na ratio in the glass 
product. 
Despite these variations, much of the laboratory and full-scale vitrification development programs have used 
standard representative compositions with ideal Li2O concentrations. For example, the current reference non-active 
simulant compositions for Magnox and 75:25 Blend glasses are known as ‘WRW17’ and ‘WRW16’ respectively.  
Table 1 compares the concentrations of key glass durability elements in WRW17 and WRW16 based glasses with 
the calculated compositions of recent Magnox (x3) and Blend (x2) WVP campaigns. 
Table 1: Comparison of recent WVP campaigns with the reference Magnox (WRW17) and Blend (WRW16) simulant compositions. 
Waste Oxide (wt%) Magnox 1 Magnox 2 Magnox 3 WRW17 Blend 1 Blend 2 WRW16 
Al2O3 6.67 6.08 5.02 5.18 1.59 1.43 2 
Gd2O3 0.58 0.49 0.78 0.78 2.77 2.3 4.5 
Li2O 4.45 3.93 3.76 3.9 4.23 4.07 3.9 
MgO 6.02 5.48 4.52 5.49 1.41 1.33 1.76 
Waste Loading 30.9 28.3 27.3 28 26.7 27.3 28 
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3. Durability Studies 
The differences in composition between Magnox and 75o:25m Blend product glass can result in significantly 
different responses from standard durability tests. For example, Figure 2 shows the MCC-1 test response, which 
uses a monolithic sample in de-ionised water (DIW) at 90 °C with a surface area to volume ratio (S/V) of 10 m-1, for 
higher incorporation samples. In this case, the MCC-1 test is focusing on the beginning of the rate drop regime. 
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Figure 2: Comparison of 42 day MCC-1 durability tests (monolith in DIW at 90 °C with S/V = 10 m-1) for 35 wt% Magnox and 31 wt% Blend 
glasses fabricated on the VTR. 
 The Magnox glass appears to have significantly lower elemental releases up to 42 days than the 75o:25m Blend 
glass. Furthermore, the behavior of individual elements is different with, for example, the Li and Mo in the former 
apparently having lower releases than B and Na, while in the latter they are all similar. This may indicate that at the 
high Magnox waste loadings, the Mo has reached (or is close to) its solubility limit in the glass and has segregated 
into a separate phase. 
The behavior also depends on the test protocol used and the waste loading. This can be seen in Figure 3, which 
compares some results obtained using the ASTM Product Consistency Test (PCT) procedure. The PCT uses a 
powdered sample with much higher S/V (~2,000 m-1) than the MCC-1 test and probes higher reaction progress, 
although still in the rate drop regime. Under these conditions, when the waste loading is ~25 wt%, Magnox and 
75o:25m Blend glasses give very similar elemental releases up to 112 days. However, when the waste loading is 
increased to 38 wt%, the test responses are different, with the Magnox glass apparently having a significantly higher 
residual rate than the 75o:25m Blend, see Brookes et al (2010). In addition, at high Magnox waste loadings, the Mo 
release under PCT test conditions is again significantly lower than that of B in contrast to the 75o:25m Blend glass. 
This indicates either that the Mo segregated into a different phase during fabrication, or that the secondary alteration 
products that form during dissolution containing some Mo.  
Figure 4 shows the effect on PCT response for Magnox glasses as a function of waste loading and lithia content. 
It can also be seen that the boron release decreases as the waste loading increases (Figure 4a), but increases as the 
lithia is increased. This is in line with expectations of how the different elements generally affect borosilicate glass 
durability through changes in its structure, e.g. the increased Li will increase the amount of NBOs. Increasing waste 
loading will decrease the Si concentration, but the total alkali content will also decrease, plus there are several 
species in the waste that can act as network formers, e.g. Zr, and, hence, the number of NBOs will increase. 
The precise effect, however, of increasing the lithia also depends on the waste loading with Figure 4b showing 
that the 32 wt% Magnox glass is much more sensitive to variations in lithia than the 25 wt% Magnox glass, see 
Harrison et al (2012). This type of synergistic effect further complicates the deconvolution of the influence of 
composition on glass durability.   
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The difference in behavior between Magnox and 75o:25m Blend glass is generally accounted for by the higher 
aluminum and magnesium content in the former. For UK HLW glass, the presence of Al in the HAL is essential for 
ensuring that the vitrified product is sufficiently durable. Hence, it was found that a minimum of 20% Magnox HAL 
needed to be mixed with Oxide HAL to provide sufficient aluminium. This is shown in Figure 5, where the Bulk 
Leach Rate (BLR), which is a measurement of the weight loss of a monolithic sample following a Soxhlet durability 
test (low S/V at ~97 °C, measuring the initial rate), significantly increases as the Oxide content approached 100%. 
Indeed, if an Oxide-only glass were to be fabricated on WVP, then either aluminium would need to be added, or a 
different base glass used. 
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Figure 3: Comparison of 112 day PCT durability tests (powder in DIW at 90 °C with S/V = 2,000 m-1) for 25 and 38 wt% Magnox and 75o:25m 
Blend glasses [Brookes (2010)]. 
However, too much aluminium in the glass can cause resumption of alteration (see Figure 1) as the sudden 
formation of secondary phases disturbs the stable residual rate regime significantly increasing the glass dissolution 
rate. This has been observed for the US AFCI glass at durations >180 days during tests with very high S/V ratios 
(20,000 m-1), see Ryan et al, and the French SON68 glass at pH>11, the latter being driven by the precipitation of 
zeolites, see Fournier et al. 
The effect of magnesium in the glass is equally complex. Curti et al cited the presence of Mg as the reason for the 
higher boron and lithium releases of UK HLW glass compared to the French SON68 glass in a >12 year duration 
PCT suggesting that Mg catalyses the degradation of the glass by favoring the nucleation of stable Mg-clay 
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alteration products. In a study of the French Mg-containing AVM glass, Thien et al (2012) concluded that Mg had a 
dual effect on long-term alteration. The first is related to the precipitation of aluminous hectorites as secondary 
phases, which consume silcon and leads to the partial or total dissolution of the protective gel layer. The second 
effect is the incorporation of Mg into the gel layer, which improves its passivation properties in a similar way to 
calcium in the French R7T7 glass. The predominance of one of these antagonistic effects depends on the glass 
composition, probably via its effect on the solution pH, although the precise relationship remains poorly understood. 
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Figure 4: Comparison of 112 day PCT durability tests (powder in DIW at 90 °C with S/V = 2,000 m-1) for Magnox glasses as a function of (a) 
waste incorporation and (b) lithia content [Harrison (2011)]. 
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Figure 5: Effect of the proportion of Oxide waste in Blend glass on Bulk Leach Rate (BLR) after 28 days testing using Soxhlet apparatus. 
Summary 
In summary, the composition is the key to all stages of glass dissolution, with the elements present and their 
relative concentration affecting the initial rate, rate drop, residual rate, and resumption regimes. In nuclear waste 
glasses, which typically contain >30 elements, deconvoluting all the different effects is complex. In general 
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elements, such as Si, Al, Zr and Ln, improve durability, whereas the alkali metals, boron and magnesium reduce 
durability. However, some elements, e.g. Mg and Al, may exhibit a dual role depending on their concentration in the 
glass and the conditions of the dissolution experiments. Furthermore, different elements can also affect initial and 
residual rates differently. For UK HLW glass, the aqueous durability generally improves with increasing waste 
incorporation, but worsens as the lithium content is increased. 
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